The antidyslipidemic drug nicotinic acid and the antipsoriatic drug monomethyl fumarate induce cutaneous flushing through activation of G protein-coupled receptor 109A (GPR109A). Flushing is a troublesome side effect of nicotinic acid, but may be a direct reflection of the wanted effects of monomethyl fumarate. Here we analyzed the mechanisms underlying GPR109A-mediated flushing and show that both Langerhans cells and keratinocytes express GPR109A in mice. Using cell ablation approaches and transgenic cell type-specific GPR109A expression in Gpr109a -/-mice, we have provided evidence that the early phase of flushing depends on GPR109A expressed on Langerhans cells, whereas the late phase is mediated by GPR109A expressed on keratinocytes. Interestingly, the first phase of flushing was blocked by a selective cyclooxygenase-1 (COX-1) inhibitor, and the late phase was sensitive to a selective COX-2 inhibitor. Both monomethyl fumarate and nicotinic acid induced PGE 2 formation in isolated keratinocytes through activation of GPR109A and COX-2. Thus, the early and late phases of the GPR109A-mediated cutaneous flushing reaction involve different epidermal cell types and prostanoid-forming enzymes. These data will help to guide new efficient approaches to mitigate nicotinic acid-induced flushing and may help to exploit the potential antipsoriatic effects of GPR109A agonists in the skin.
Introduction
Nicotinic acid (also referred to as niacin) has been used for decades to treat dyslipidemic conditions, and it was the first lipid-modifying drug for which a beneficial effect on cardiovascular mortality was reported (1) (2) (3) (4) . There has recently been a renewed interest in the pharmacological effects of nicotinic acid, since it is by far the most efficacious drug to increase HDL-cholesterol plasma levels (5, 6) . Unfortunately, the beneficial effects of nicotinic acid are accompanied by unwanted effects, of which cutaneous vasodilation (i.e., flushing) is the most problematic (7, 8) . Nicotinic acid-induced flushing lasts for about 1-2 hours and is associated with a sensation of tingling and burning, causing many patients to discontinue nicotinic acid therapy. The nicotinic acid-induced flush phenomenon was first observed shortly after the discovery of nicotinic acid as a vitamin that can be used to treat pellagra (9, 10) . In both humans and animal models, nicotinic acid-induced flushing has been reported to be biphasic, with the first peak in intensity occurring shortly after the beginning of the reaction and the second peak after the first has faded (11, 12) .
The fact that nicotinic acid-induced flushing can be reduced by coadministration of cyclooxygenase inhibitors (13) (14) (15) indicates that prostanoids are important mediators of nicotinic acid-dependent flushing. A role for prostanoids in the flushing reaction is also indicated by the fact that plasma levels of vasodilatory prostanoids like prostaglandin D 2 (PGD 2 ) and PGE 2 and their metabolites increase after nicotinic acid treatment (13) (14) (15) (16) (17) . More recently, genetic and pharmacological approaches provided evidence that PGD 2 and PGE 2 mediate the flushing reaction (12, 18, 19) , and a PGD 2 DP 1 receptor antagonist was recently approved in Europe for the prevention of nicotinic acid-induced flushing (20, 21) .
Nicotinic acid-induced flushing is initiated by activation of G protein-coupled receptor 109A (GPR109A), as mice lacking this receptor no longer respond to nicotinic acid with flushing (12) . GPR109A is expressed in various immune cells of the skin; in particular, epidermal Langerhans cells have been shown to express GPR109A and to be involved in the flushing reaction (22, 23) . Interestingly, the antipsoriatic drug monomethyl fumarate, which is known to also induce a flushing reaction (24) , was recently shown to activate GPR109A (25) , which suggests that this receptor can also mediate antiinflammatory effects in the skin.
Given the obvious clinical relevance of GPR109A activation in the skin, we sought to better understand the mechanisms underlying GPR109A-mediated flushing. Using various genetic and pharmacological tools, we demonstrated that keratinocytes were critically involved in the flush reaction and that GPR109A-mediated flushing resulted from 2 distinct mechanisms based on the activation of Langerhans cells and of keratinocytes.
(Gpr109a mRFP mice; Figure 1A ). In 5 independent transgenic lines, we found expression of mRFP in adipocytes and in various tissues containing immune cells, such as spleen or BM (data not shown and Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI42273DS1), reflecting the known expression pattern of GPR109A. In skin sections, we observed mRFP expression in epidermal Langerhans cells using confocal fluorescence microscopy ( Figure 1B) . In addition to Langerhans cells, keratinocytes also showed mRFP expression, albeit at levels lower than those in Langerhans cells ( Figure 1 , B and C, and Supplemental Figure 2 ). To verify that keratinocytes express GPR109A, we performed RT-PCR on mRNA of human and mouse keratinocytes. The purity of the keratinocyte mRNA was verified by the absence of any Langerhans cell-specific langerin mRNAs (Supplemental Figure 3) . GPR109A expression, in contrast, was seen in both mouse and human keratinocytes ( Figure 1D ).
We then tested whether GPR109A expressed by keratinocytes is functionally active. Nicotinic acid induced activation of ERK in WT keratinocytes, but not in Gpr109a -/-keratinocytes, whereas both responded to FBS ( Figure 1E ). Keratinocytes from WT and Gpr109a -/-mice were loaded with Fura-2 and exposed to 100 μM nicotinic acid. WT keratinocytes responded with a transient increase in free intracellular calcium concentration ([Ca 2+ ] i ), whereas Gpr109a -/-keratinocytes were unresponsive to nicotinic acid, but still able to respond to ATP (Figure 1, F and G) .
GPR109A expressed by Langerhans cells mediates only the early phase of GPR109A-dependent flushing. The expression of GPR109A in keratinocytes suggests that activation of GPR109A on keratinocytes is involved in the nicotinic acid-induced cutaneous flushing reaction. To be able to study the contribution of keratinocytes to nicotinic acid-induced flushing, we generated BM chimeras by transplanting WT or Gpr109a -/-BM onto irradiated WT mice. To promote the replacement of resident epidermal Langerhans cells by cells derived from the transplanted BM, we used transgenic animals expressing the human diphtheria toxin receptor under the control of the langerin promoter as recipients (Langerin-DTR mice; Figure 2A ). In these animals, treatment with diphtheria toxin (DT) results in the ablation of Langerhans cells of the recipient, but not of Langerhans cells derived from the transplanted BM (26) . To track the expression of GPR109A in the transplanted BM and the cells derived from it, the donor animals carried the Gpr109a mRFP reporter transgene (Figure 2A ). At 3 months after transplantation, hardly any Gpr109a mRFP -positive Langerhans cells were detected in the epidermis of transplanted mice, which indicates that the Langerhans cells of the recipient were not yet replaced by cells from the BM ( Figure 2B ). As expected, the nicotinic acid-induced flushing response determined by laser Doppler flowmetry was not changed compared with WT animals, and there were no differences in the flushing response between mice transplanted with WT and Gpr109a -/- Expression of GPR109A by keratinocytes is sufficient to mediate the late phase of flushing. To study whether expression of GPR109A on keratinocytes is sufficient for the induction of the late phase of nicotinic acid-induced flushing, we generated mice expressing a GPR109A-mRFP fusion protein under the control of the Krt5 promoter (Krt5 Gpr109a-mRFP mice; Figure 3A ). The GPR109A-mRFP fusion protein was functionally active when tested in vitro and mediated nicotinic acid-induced Ca 2+ transients similar to those mediated by the WT receptor (Supplemental Figure 4) . Expression of the GPR109A-mRFP protein in keratinocytes was verified by confocal immunofluorescence microscopy ( Figure 3B ). Staining of epidermal sheets with anti-MHC-II antibodies showed that Langerhans cells did not express the GPR109A-mRFP fusion protein. No expression of the fusion protein was observed in other organs like dermis, blood vessels, spleen, liver, or adipose tissue (data not shown). We then crossed Krt5 GPR109A-mRFP mice with animals lacking GPR109A, generating Gpr109a -/-Krt5 GPR109A-mRFP mice, which express GPR109A only in keratinocytes. Nicotinic acid induced an increase in free [Ca 2+ ] i and in the phosphorylation of ERK1/2 with similar efficacy in keratinocytes prepared from Gpr109a -/-Krt5 Gpr109a-mRFP and WT mice (Supplemental Figure 5 and Figure 1 ), which indicates that the transgenically expressed fusion protein was functionally equivalent to GPR109A in WT cells. Since monomethyl fumarate was recently shown to be an agonist of GPR109A (25), we tested both nicotinic acid and monomethyl fumarate for their ability to induce flushing in WT, Gpr109a -/-, and Gpr109a -/-Krt5 GPR109A-mRFP mice ( Figure 3C ). The typical biphasic flushing reaction seen in WT mice in response to nicotinic acid and monomethyl fumarate was absent in mice lacking GPR109A. However, both GPR109A agonists induced a delayed transient flushing response in GPR109A -/-Krt5 GPR109A-mRFP animals ( Figure 3, C and D) .
In its time course and intensity, this delayed and transient flush resembled the second phase (i.e., second peak) of the nicotinic acid-induced flushing response seen in WT animals. This clearly indicates that activation of GPR109A on keratinocytes is sufficient to induce the late phase of the flushing reaction, but does not mimic the early, initial flushing response.
Differential roles of COX-1 and COX-2 in GPR109A-mediated flushing. We then further analyzed potential mechanisms underlying the late phase of the nicotinic acid-and monomethyl fumarateinduced flushing reaction. Since nicotinic acid-induced flushing has been shown to be strongly reduced by cyclooxygenase inhibitors, we studied expression of cyclooxygenase-1 (COX-1) and COX-2 in mouse and human keratinocytes. RT-PCR clearly showed that both enzymes were expressed in keratinocytes ( Figure  4A ). Immunostaining with a COX-2-specific antibody confirmed expression of COX-2 in the keratinocyte layer of the epidermis. The specificity of the anti-COX-2 antibody was verified by the absence of any epidermal staining in the skin of COX-2-deficient mice (Supplemental Figure 6) . Counterstaining with an anti-MHC-II antibody, which recognizes only Langerhans cells in the epidermis, clearly showed that Langerhans cells, in contrast to keratinocytes, did not express COX-2 ( Figure 4A ). Treatment of animals with the COX-1 inhibitor FR122047 (27) blocked the initial flush reaction in response to nicotinic acid and monomethyl fumarate compared with untreated animals, but left the late phase unaffected ( Figure  4 , B and C). Interestingly, when mice were treated with the COX-2 inhibitor NS398 (28), the initial flushing reaction was unaffected, whereas the late phase of nicotinic acid-and monomethyl fumarate-induced flushing was abrogated ( Figure 4D ). Pretreatment of mice with FR122047 and NS398 combined fully blocked the flush response ( Figure 4E ). In GPR109A -/-Krt5 Gpr109a-mRFP mice, NS398 fully blocked nicotinic acid-induced flushing, whereas FR122047 was without effect ( Figure 4F ). These data confirmed that GPR109A-mediated flushing involves prostanoids. In addition, the data indicated that COX-1 activity is required for the initial phase of the flushing reaction, which is mediated by Langerhans cells, whereas the late phase requires COX-2. This clearly supports the notion that the early and late phases of GPR109A-mediated flushing involve different mechanisms.
Keratinocytes produce PGE 2 via COX-2 in response to GPR109A activation. Since activation of GPR109A on keratinocytes was sufficient to induce the late phase of flushing, and since this phase was sensitive to COX-2 inhibitors, we studied expression of prostanoid synthases in keratinocytes. RT-PCR on mouse and human keratinocyte mRNA showed that the PGE 2 synthases mPGES-1, mPGES-2, and cPGES and the PGD 2 synthases PGDS-L and PGDS-H were expressed in keratinocytes ( Figure 5A ). Therefore, we tested whether mouse and human keratinocytes produce PGD 2 and PGE 2 in response to nicotinic acid in vitro. Incubation of isolated mouse and human keratinocytes with nicotinic acid or monomethyl fumarate led to the formation of PGE 2 ( Figure 5 , B-D), whereas no increase in PGD 2 formation was observed ( Supplemental Figure 7) . In keratinocytes from Gpr109a -/-mice, nicotinic acid and monomethyl fumarate were without effect ( Figure 5C ). In both human and mouse keratinocytes, the effects of GPR109A agonists on PGE 2 formation were completely blocked by NS398, whereas FR122047 was without effect ( Figure 5, C and D) . These data indicate that the stimulation of COX-2 dependent PGE 2 formation in keratinocytes underlies the late phase of nicotinic acid-and monomethyl fumarate-induced flushing. 
Discussion
A cutaneous flushing reaction is a common effect of clinically applied GPR109A receptor agonists, like the antidyslipidemic drugs nicotinic acid and acipimox (4, 7, 29) or the antipsoriatic drug monomethyl fumarate (24, 25) . Although this epidermal reaction may be a direct reflection of the wanted effects of monomethyl fumarate, it is the most troublesome unwanted effect of nicotinic acid and related antidyslipidemic drugs. Since both wanted and unwanted effects of nicotinic acid appear to be mediated by GPR109A (12, 18, 30) , it will be difficult to dissociate wanted and unwanted effects on the basis of GPR109A agonism. The use of partial agonists or of agonists that activate GPR109A in a β-arrestin-independent manner has been suggested to preferentially induce wanted effects mediated by GPR109A (31, 32) . Alternatively, GPR109A-mediated flushing can be inhibited by interfering with downstream signaling events specific to the unwanted effects, a strategy requiring a full understanding of the mechanism underlying nicotinic acid-induced flushing. An improved mechanistic insight into the GPR109A-mediated flushing reaction will also be important to understand the beneficial effects of monomethyl fumarate. Although evidence has been provided that epidermal Langerhans cells and prostanoids, such as PGD 2 and PGE 2 , are involved in the GPR109A-dependent flush reaction, the mechanisms underlying the flush phenomenon are still poorly understood. Here we provided evidence that flushing involves not only Langerhans cells, but also keratinocytes, and that it is mediated by 2 distinct cellular pathways involving activation of GPR109A on Langerhans cells and on keratinocytes as well as by distinct prostanoid-mediated downstream signaling processes. The receptor GPR109A is not only expressed by adipocytes, but also by various immune cells, such as macrophages, neutrophils, and epidermal Langerhans cells, but not by lymphocytes (23, 25, 33, 34) . Whether GPR109A is expressed by keratinocytes has been unclear. Expression analyses on the level of mRNA showed GPR109A expression in primary human keratinocytes (23, 25) . However, immunohistochemistry failed to demonstrate GPR109A expression in keratinocytes (23) . In the present study, we confirmed the presence of GPR109A mRNA in primary mouse and human keratinocytes. In addition, we provided evidence for GPR109A expression in keratinocytes using a GPR109A expression reporter mouse line as well as by demonstrating nicotinic acid's effects on WT, but not Gpr109a -/-, keratinocytes. The Gpr109a mRFP reporter mouse showed that, compared with Langerhans cells, GPR109A expression levels were lower in keratinocytes, a finding that may explain the difficulty in detecting GPR109A expression by immunohistochemistry on keratinocytes.
Our data strongly indicate that GPR109A on keratinocytes is involved in the late phase of flushing induced by nicotinic acid or monomethyl fumarate and that the late phase of the flushing reaction can be induced in the absence of WT Langerhans cells. This is in contrast to earlier data showing that the acute ablation of Langerhans cells by DT strongly reduced the early and late phases of nicotinic acid-induced flushing (22) . The contribution of keratinocytes may have been overseen as a result of DT-induced Langerhans cell ablation, which is caused by apoptosis and subsequent removal of apoptotic cells (35, 36) , a process involving the whole Langerhans cell compartment of the epidermis. Such a profound reaction of the epidermal layer of the skin is likely to affect epidermal functions and lead to transient unresponsiveness with regard to nicotinic acid-induced keratinocyte-dependent flushing. In contrast to the experiment described previously (22) , we determined nicotinic acidinduced flushing in the present study 3 months after DT treatment, when ablated Langerhans cells were already replaced by new cells.
The abrogation of the Langerhans cell-mediated early phase of nicotinic acid-and monomethyl fumarate-induced flushing by a COX-1-selective blocker is in line with earlier genetic studies showing a severely reduced flushing reaction in COX-1-deficient mice (12) . However, the flush response that remained in COX-1-deficient mice was smaller than the remaining response in animals acutely treated with a COX-1 inhibitor. This may be due to compensatory changes taking place in constitutive COX-1-deficient animals. Our data revealed an important role for COX-2 in mediating the keratinocyte-dependent late phase of the flush reaction. COX-2 has previously been shown to be expressed in keratinocytes and to mediate acute reactions to UVB light (37) (38) (39) (40) , which, interestingly, share many properties with the GPR109A-mediated flush reaction, such as vasodilation and a burning sensation. PGE 2 is the major prostanoid produced by keratinocytes (41, 42) , and epidermal PGE 2 generation has been shown to induce vasodilation (43) . Langerhans cells, in contrast, also produce considerable amounts of PGD 2 (23, 44, 45) . The involvement of PGE 2 in the keratinocytemediated late phase of GPR109A-dependent flushing is consistent with the observation that in mice lacking the PGD 2 receptor DP 1 , only the first phase of the flush was reduced, whereas the lack of the PGE 2 receptors EP 2 and EP 4 inhibited the early and late phases (12) . The involvement of PGE 2 in the keratinocyte-dependent late phase of flushing explains the remaining flush response seen in animals and humans after blockade of DP 1 (18, 19) . The fact that oral administration of 325 mg aspirin is not able to reduce the residual flushing seen when nicotinic acid is combined with the DP 1 receptor antagonist laropiprant (46) does not contradict the role of PGE 2 mainly produced via COX-2 in the flushing reaction, since 325 mg aspirin given orally may not lead to systemic aspirin concentrations sufficiently high to block COX-2 in keratinocytes and therefore block the second phase of flushing (47) (48) (49) .
It is currently not clear why the Langerhans cell-mediated part of the nicotinic acid-induced flush reaction starts rapidly after nicotinic acid application, whereas the keratinocyte-mediated part sets in with some delay. Given the higher expression level of GPR109A in Langerhans cells compared with keratinocytes and the different intracellular mechanisms mediating prostanoid formation in both cell types, the time required to reach sufficient prostanoid levels to induce flushing may be shorter in Langerhans cells than in keratinocytes. It is also conceivable that prostanoids released in response to GPR109A agonists from keratinocytes require a longer time period to elicit their effects on dermal blood vessels compared with prostanoids released from Langerhans cells.
The presence of GPR109A in Langerhans cells and keratinocytes and the marked epidermal and dermal effects resulting from GPR109A activation raise the question whether this receptor system, besides its pharmacological role, has any physiological or pathophysiological significance. It is tempting to speculate that GPR109A-mediated prostanoid formation in Langerhans cells and keratinocytes underlies some of the many forms of skin reaction in which alteration or traumata in the epidermis results in dermal vasodilation and tingling or burning sensations. The fact that monomethyl fumarate is an agonist of GPR109A suggests that it exerts its beneficial effects via GPR109A by influencing keratinocytes and Langerhans cells, which are intimately involved in the pathophysiology of psoriasis (50) . It will be interesting to further explore the potential physiological and pathophysiological role of GPR109A-mediated cellular effects in the epidermis, a task that will be facilitated by synthetic GPR109A agonists and antagonists currently under development.
Here we showed that nicotinic acid-and monomethyl fumarate-induced flushing resulted from 2 GPR109A-mediated mechanisms, involving Langerhans cells and keratinocytes as well as different prostanoid-forming enzymes ( Figure 5E ). These data will help to further improve flush-reducing strategies in patients taking GPR109A agonists like nicotinic acid by combined inhibition of COX-1 and COX-2 or PGD 2 and PGE 2 formation or activity. In addition, our present data shed light on the mechanism of action of the antipsoriatic drug monomethyl fumarate and suggest that GPR109A expressed on epidermal cells mediates antipsoriatic effects.
Methods
Reagents and antibodies. Nicotinic acid, monomethyl fumarate, and ATP were from Sigma-Aldrich. NS398 was from Cayman Chemical, and FR122047 was from Tocris. Anti-MHC-II-IA/IE antibodies were from Becton Dickinson, anti-pan-cytokeratin and anti-COX-2 antibodies were from Santa Cruz Biotechnology. Anti-phospho-ERK1/2 and anti-ERK1/2 antibodies were from Cell Signaling.
Mice. Experiments were carried out in WT and genetically altered adult mice (body weight 20-30 g) on a C57BL/6 background. When testing knockout animals, WT littermates served as controls. Mice were housed in temperature-controlled facilities on a 12-hour light/12-hour dark cycle with food and water ad libitum. All procedures of animal care and use in this study were approved by Regierungspräsidium Karlsruhe (Karlsruhe, Germany).
